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Electron Mobility Sensor Scheme based on a 
Mach Zehnder Interferometer Approach 
 
N. Pornsuwancharoen, P. Youplao, I.S. Amiri, M.S. Aziz, J. Ali, G. Singh, P. Yupapin, V. Koledov, 
and K.T.V. Grattan 
 
Abstract—This paper presents the use of a plasmonic 
sensing transducer on an embedded Mach-Zehnder 
interferometer (MZI) arm, allowing the sensing transducer to 
be formed through the stacked layers of the silicon-graphene-
gold materials and embedded on a MZI arm with a gripping 
force to allow it to be used in sensing applications. The 
transduction process introduces an energy conversion 
between the input light and the excited electron mobility 
within the silicon and graphene layers.  That way the electron 
drift velocity within the gold layer can drive the plasmonic 
wave group velocity induced through the interaction with the 
graphene layers, and as a consequence the electron mobility 
in the gold layer increases. The driven electron mobility in 
the gold layer, caused by the plasmonic waves from graphene 
in the embedded sensing layers, will affect the electron output 
mobility, where the relative change in the phase of the light in 
the silicon can be seen at the output port of the MZI. To 
optimize the key parameters of such a system, (especially 
input optical power and dimensions of the gold layer), 
simulations are performed at various input optical powers and 
the results are graphically represented. A maximum 
sensitivity of ~ 2x 10−14  𝑚 𝑉−1𝑠−1  in electron mobility 
sensing is obtained through these simulations, designed to 
optimize the performance characteristics of the proposed 
sensor. 
 
Index Terms—Plasmonic sensor, MZI sensors, Electron 
mobility; Light-electron energy conversion 
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I. INTRODUCTION 
Many different types of instrumentation have been proposed 
and used for the wide range of measurements needed in 
society today, from the micro-scale to the macro, the latter 
exemplified in the Laser Interferometer Gravitational-Wave 
Observatory(LIGO) for gravitational waves [1-5].  
Interferometers have been used to measure many different 
parameters in a wide range of measurements for multiple 
applications and familiar types of interferometer, such as the 
Michelson, Mach-Zehnder (MZI), Fabry-Perot, Twyman-
Green and Fizeau interferometers are widely used [6-8].  In 
spite of over 100 years of use, interferometric approaches for 
measurement are still widely used as was seen in gravitational 
waves being experimentally confirmed through the results 
obtained from an interferometer [5].  The use of a Michelson 
interferometer with a plasmonic device has been recently 
reported by Nithiroth et al [9, 10] with the use of other 
plasmonic interferometers found in recent literature [11-17]. 
There are many other interesting applications of plasmonic 
waves in the literature [18, 19] and [20, 21], where interesting 
plasmonic propagation and plasmonic graphene-Au 
nanostructure research has been reported. The MZI has also 
proven very useful for many applications including signal 
processing in optical communications. The integration of 
a conventional MZI device, using electron-light energy 
conversion, allows it to be transferred into the plasmonic 
electronic domain.  Moreover, the speed of the 
communication also increases due to the higher switching 
speed induced by the electron spin characteristics and in 
addition, considering using conducting materials other than 
gold e.g. aluminum, silver and platinum, will facilitate a 
broader range of applications.  A plasmonic island has shown 
itself to be a promising approach to creating an energy 
conversion device, in which the light and electron energy 
conversion platform can be arranged, clearly established and 
practically realized [12, 23].  An island of the aluminum, gold 
or silver can be used for plasmonic device applications within 
realistic device dimensions of 5-15 nm. The light-electron 
energy conversion on the plasmonic island has also recently 
been theoretically investigated by Pornsuwancharoen et al. 
[24, 25], in which the selected simulation data were based on 
realistic device parameters. In this paper, taking advantage of 
the light-electron energy conversion phenomenon, an 
innovative sensing transducer on an embedded MZI arm, 
which can be used for various sensing applications, is 
discussed.  A suitable mathematical description for the 
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modified MZI is also considered in light of the electron 
mobility concept discussed in the literature [23-26]. 
 
II. THEORETICAL BACKGROUND 
 
Light-electron energy conversion within a transducer can 
influence the change in the interferometer output, as shown in 
Figure 1.  When the light within the interferometer arm 
undergoes reflection, a phase change occurs which yields an 
optical path difference (OPD): however, the material 
refractive index and light propagation wavelength are 
constant.  Therefore, if there is any change introduced into 
the sensing transducer, it can cause a change in the electron 
mobility within the gold layer (length L), which can be seen 
in the form of the interference fringe pattern observed at the 
output port by using a photo-detector. The output obtained 
will depend on the properties of the light, electron mobility 
and photon input used, following which an appropriate 
detector is chosen. For instance, the outputs from the silicon 
and the gold layers can be detected by the photodetector, a 
photon counter and associated electronic circuit to give the 
mobility output.  
In general, the output of the interferometer system is seen 
in the interference fringe visibility (I), which is given by 
Equation (1) [1]. 
 
I = I1+ I2 + 2√I1I2  cos φ     (1) 
 
where  𝑰𝟏  and 𝑰𝟐  are the intensities along the two optical 
paths of the MZI, and  𝝋 = 
𝟐𝝅∆𝒏𝒆𝒇𝒇
𝝀
L is the phase difference 
introduced by the transducer into an interferometer arm and 
seen at the output visibility. L is the stacked layer length, 
which can be excited depending on the external physical 
environment, in which a change in phase is introduced and 
this is affected to the interferometer output (I), which is seen 
in the form of the visibility detected. 
 
 
 
Figure 1: A plasmonic sensor system with practical dimensions 
given, where the sensing transducer is embedded in the 
interferometer arm. Both input and output ports are embedded in the 
silicon-graphene-gold layers for potential mobility sensing-related 
applications (an electrode). The stacked layer length is 1.0 µm. 
(Preliminary data on the silicon-graphene-gold layer characteristics 
were reported previously [28, 30, 32]).  
 
When a source of excitation to be measured, such as 
an electric field, electrical current, magnetic field is 
considered, monochromatic light is input into the sensing 
transducer via the gold layer on the silicon and if there is any 
change related to the change in phase of light in the sensing 
transducer, it will be seen at the interferometer output. 
Generally, physical environmental changes such as heat, 
pressure, current, vapor, fluid, gas presence etc. will casue 
changes in the transducer and as a result this induces the 
change in OPD of the light in the silicon and in the electron 
mobility (µ) in the layers.  The phenomenon arises when the 
plasmon waves from the silicon penetrate the graphene via 
the evanescent wave, from which the excited electrons are 
conducted in the gold layer, driven at the group velocity (Vd) 
of the plasmon waves.  This effect allows the device to act as 
a sensing transducer, where the graphene layer is the active 
medium. The relationship between the light intensity (I), the 
group velocity and the electron mobility can be expressed by 
I=𝑬𝟐  = ( 
𝑽𝒅
𝝁
)𝟐, where Vd = µE, When an electric field E is 
applied to the sensing transducer, an electric current is 
established in the conductor. The density Js of this current is 
given by Js = σE. The constant of proportionality, σ, is the 
specific conductance or electrical conductivity of the 
conductor (for gold this is 1.6x10
8
 W
-1
m
-1
) [27]-[30].  From 
the phase delay term, 𝝋 = 
𝟐𝝅∆𝒏𝒆𝒇𝒇
𝝀
L, it can be seen that if λ 
and L are constants, it means that there is only a change in the 
refractive index that can provide the phase delay.  In this case, 
the change in the refractive index can be induced by the direct 
change in the light path difference, or by the electron mobility 
in the gold layer, which is ultimately reflected in the 
refractive index, given by the relationship shown in Equation 
(1). The resultant sensitivity of the system depends on the 
mobility and the applied current, which can be seen through 
the electron mobility and the electrical current via the 
interferometer output (silicon) and gold layer, respectively. 
Moreover, a change in the electron mobility in the gold layer 
will  be caused by the change in the gold layer length, which 
can be caused by heat or pressure on the sensing transducer 
and such an effect can be utilized for other sensing 
applications, as required. 
III. SIMULATION RESULTS 
In a simulation carried out to explore the design of such a 
transducer, a graphical program (called the Opti-wave 
program) was used to investigate and the essential result 
obtained is shown in Figure 2, with further key simulation 
parameters given in Figures 3-4. The other simulation 
parameters used are given in the related figure captions. This 
Matlab program was used to simulate the parameters of a 
device which were selected to be as close to those of devices 
reported in the recent literature [31-33].  From Figure 1, it can 
be seen that the operation assumes the light from a 
monochromatic source is input into an MZI and split equally 
into two arms, following which the signals are combined at 
the output 50:50 coupler, for which the output intensity is 
determined, using Equation (1).  This investigation of the 
sensing transducer characteristics was performed to obtain the 
electron mobility induced by an appropriate level of input 
light power, via the silicon layer, where the selected input 
power from the source was varied and the electron mobility 
in the gold layer was recorded. The change in phase of the 
light (giving an optical path difference) in the silicon layer 
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within the plasmonic transducer relates to a change in the 
electron mobility and the applied current or voltage into the 
gold layer, which affects the electron mean free path in the 
gold layer. The electron mobility in gold is 42.6 cm2 V-1 s-1 
[33, 34], with the simulation result yielding the relationship 
between the electron mean free path and the electron mobility 
allowing sensing applications involving mobility changes. 
The characteristics of the sensing transducer determined 
with the variations in the electron mobility, the input power 
and the gold length values were plotted, as shown in Figures 
3-5. As a result, the device sensitivity can be presented 
through the relationship between the mobility output and the 
change in gold layer lengths, (which is simulated and plotted) 
and from which the relative mobility sensitivity is given by 
~2.0 x 10−11 𝑚 𝑉−1𝑠−1 .  The data shown in Figures 3 and 4 
can be related to the optical path difference through the 
relationship 𝒏𝒆𝒇𝒇 = 
𝒄
𝒗
, where c is the speed of light in vacuum, 
and thus the OPD = 
𝒄
𝒏𝒆𝒇𝒇
 ∆𝒕, where ∆t is the change in time 
associated with the measured mobility.  
 
 
Figure 2: The 3D image obtained using the Optiwave program, 
where all parameters are given in Figure 1. The input source 
wavelength is 1.55 µm. 
 
Figure 3: Graph of the electron mobility of the sensing transducer 
(gold layer) with the input power – here the input power is varied 
from 0.5-5.0 mW, with the gold layer length fixed at 200 nm 
 
Regarding the phase term in an Equation (1), the change 
in the output fringe oscillation occurs with time, ∆𝑡, where 
the peak-to-peak measurement of the output signal is 
obtained from the slope calculation (at ∆t = 2.5 fs), with the 
calculation of the OPD in silicon as  
𝑐
𝑛
∆𝑡, with, as usual, c 
being the speed of light in vacuum, n the material refractive 
index and the refractive index of a silicon is 1.46.  The 
obtained OPD is ~5.14 x 10-7m (or 514 nm,) which can also 
be used to determine the electron mean free path from the 
relationship µ= 
𝒆𝝉
𝒎
=
𝒆𝒅
𝒎𝒗𝑭
 [33], where e is the charge, τ is 
the mean free time, m is the mass, d is the mean free paths, 
and vF is the Fermi velocity of the charge carrier. 
 
 
(a) 
 
(b) 
Figure 4: (a) Graph of the electron mobility as a function of the gold 
layer length at the sensing transducer, where the gold layer length is 
varied up to 1000 nm. The input power is fixed at 3 mW. (b) Graph 
of the change in mobility visibility and the gold layer length at the 
MZI output (seen in Figure 1), where the input power is fixed at 3 
mW, the gold length is varied up to 500 nm, and the calculated 
mobility slope visibility = ~ 2.0 𝑥 10−14𝑚 𝑉−1𝑠−1.  
 
IV. CONCLUSIONS 
This paper has investigated the performance of an electron 
mobility-based sensor using an embedded plasmonic 
transducer on the MZI arm, where the light-electron energy 
conversion within the sensing transducer is used to provide 
the sensor information required. The change in the electron 
mobility within the gold layer caused by the external excited 
environment induces a change in the phase of light of the 
plasmonic waves in graphene layer, which induces the change 
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in light propagation intensity in the MZI arm that can be 
detected at the MZI output. Thus, the relationship between 
the change in the electron mobility in the gold layer and the 
MZI output intensity yields the sensitivity of operation of the 
device. The relationship between the change in the electron 
mobility and the electron mean free path in terms of the OPD 
can be plotted and calculated. From the results obtained, a 
device sensitivity of ~2x10−14  𝑚 𝑉−1𝑠−1  is obtained. Such 
device parameters are realistic given the materials and 
fabrication parameters [35-39], while the approach using the 
stacked layers of silicon-graphene material were tested and 
experimentally verified in the literature [40]. Gold forms the 
basis of the mobility sensor, and other materials can also be 
applied, with the optimum fabrication parameters to be found 
the references [34]. The electron mobility related parameters 
of various material (including the gold), including the 
electron mean free path, the group velocity, and the average 
Fermi velocity are given in the literature [27, 38], (where the 
electron mobility in gold is published as 42.6 cm
2
 V
-1
 s
-1
[38]).  
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